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NATIONAL ADVISORY COhlMITTEE FOR AERONAUTICS 

ADVANCE CONFIDENTIAL REPORT 
I .  

.. A PRELIMINARY INVESTIGATION OF EXBAUST-GAS 

EJECTORS FOR GROUMD COOLING 

By Eugene J. Manganiello 

SUMMARY 

A preliminary investigation was made t o  determine the 
e h i t n b i l i t y  of e Jec to r s  actuated by the  exhaust of a radial 
air-cooled a i r c r a f t  engine f o r  providing erigine cooling a i r  
a t  the ground condition. Various length and diameter .e jector8 
were beoted for varying engine power f o r :  i (1) nine e j ec to r s ,  

' and  ( 2 )  three e jec tors ,  each being a 'ctuated by the c-:xhaust.of 
' groups of three. cyl inders .  

' each being actuated by the exhaust of individual cyi inders;  

rt 

. ,  , ,  The cooling-air  pressure drop induced by e j e c t o r  ac t ion  
' increased with'engine power and increased with increase of 

e j ec to r  length and diameter up t o  optimum values above which 
the pressure drop' d'ecreased. For equal e j e c t o r  areas ,  the 
grouped system provided more cooling air than the  individual  
e jectore.  Diffuser e x i t  sections markedly improved the e j e c t o r  
pumyin8. 
magnitude :'or cooling, a 'va lue  of 4.65 inches of water being 
obtained f o r  an e j e c t o r  i n s t a l l a t ion  with d i f fus ing  e x i t s .  

The press'ure drops realized were of' s i g n i r  icant  

The incroased output of a i r c r a f t  engines i n  recent  years 
has aggravated the d i f f i c u l t i e s  of' the  cooling problem. 
Gi-ouiid cooling, ip p s r t i z u l a r ,  hag been d i f f i c u l t  t o  obtain 
i n  submerged i n s t a l l a t  ions, pusher-type i n s t a l l a t i o n s ,  and 
some high-apeed c t o r  i n s t a l l a t ions .  The p o s s i b i l i t y  of the 
use of ejectoF p 
suggested a s  a means of improving the  s i tua t ion .  

s actuated by the engine exhaust has been 



i .  

I 

A nine-cylinder radial air-cooled engine rated at 475 horsepower 
at an engine epeed of 1900 rpm at ljea level was used in these tests. 
This engine haa’a displacement voluae of 1344 cubic inches, a com- 
preesion ratio.of 6.5, and a blower ratio of 13:l. The eqine wa8 
mounted on an outdoor test stand that was provided with a scale for 
meaeuring engine torque. (See fig. 1.) Engine speed was measured 
with a tachometer, and manifold preaeure was indicated by a mercury 
manometer. The engine was fitted with conventional cooling baffles 
and a conventional cowl that was completely cloeed off at the rear 
except for the ejector-otack openinge. 

E- ~~ 

. ,  2 

I 
0 Some experimental inveetigationa of the ejector principle have 

been made in the past in connection with aircraft problems. References 
2, and 3 present resulte of teste of ejectore with regard to jet-thrust 
augmentation. The testa were conducted, for the most; part, with emall-  
scale models actuated by compressed air under steady-flow conditions. 
Reference 3 aleo includes the reaults of some tests with exhauat-gas 
ejectors. Reference 4 reporte the reeults of an investigation of the 
design and operating conditione of amall-scale compreeeed-air ejectore 
pertinent to their pumping, a8 well as to their thrust-augmentation, 
characteristics . 

D 

i 

In view of the lack of experimental data directly applicable to 
the problem, an invsetigation wae made to determine the efficacy of 

’ ejectors actuated by the exhaust of an aircraft engine in providing 
engine cooling air at the ground condition. 

!Feats were made of a propeller-loaded air-cooled engine of the # 
500-horsepower clam mounted on an outdoor teat stand. 
effectiveness of ejectom of different diameters wae determined with 
varying lengths for: (1) nine ejectore, each actuated by the exhaust of 
individual cylinder~l; and ( 2 )  three ejectore, each actuated by the 
exhaust of a group of three cylindere. 
cooling was evaluated for conditions of ejector action alone and of com- 
bined ejector and propeller-elipstream effects. 

The pumping 

b 

The preeeure drop available for 

This investigation was a preliminary survey of the problem to chock 
the order of magnitude of the cooling-air pressure drop to be expected 
from ejector pumping and t o  determine its variation with change of the 
baeic ejector dimensions. 

APPARATUS AND METBOD6 

General Setup 

c 
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Iron-constanttln thermocouple a were i n s t a l l e d  on the  rear 
spark-plug gaskets and the flanges of each cyl inder  t o  provide 
an indicat ion of the engine cooling. 
r a t i n g  of 100 and conforming t o  Arrny-Navy Fuel Specif icat ion 
No. AN-W-F-781 wae used in  a l l  tests. 

Gasoline having an octane 

The pgwer was absorbed by ad3ustable propellors,  the  blades 
being set t o  give rated engine speedaat ra ted  powor. 

Individual Ejector  Stacks 

The exhaust s tacks consisted of ehort  lengths of etrai@ht 
tubing having necked-down e x i t  sections with an a rea  of about 
2 square. inches, t h i s  area being the minimum calculated value 
r e s u l t i n g - i n  zero l o s s  of engine power due  t o  back presBu!re , 

(reference 5) .  
i n to  the  center  of the entrance sect ions of the  e j e c t o r  stacks,  
which consisted of s t r a igh t  lengths ot  sheet-metal tubing. The 
symbols used i n  f igure  2 and l a t e r  f i gu res  should be evident; from 
the  sketches; they a re  defined in  the appendix. The dimensions 
of the entrance sect ions f o r  the e j ec to r s  of 4- and 6-inch 
diameters a& shown in  f igure  2('0). A rounded, o r  bell-shaped, 
entrance sect ion was used f o r  the e j ec to r s  of 4-inch diameter. 
Reference 2 indicates,  however, t h a t  the shape of entrance is 
not c r i t i c a l ;  hence, straight conical entrance sec t ions  were 
used f o r  a l l  o ther  e j ec to r s  tes ted.  

A s  shown i n  f igure Z(a) the exhaust discharged 

I n  order t o  prevent the aerodynamic e f f e c t s  of the propel ler  
s l ipstream from influencing the tes t  results, a pusher propel le r  
w a s  used and a housing was b u i l t  around the  engine cowl. 
f i g .  2 ( a ) .  )' The housing providod an annular passage f o r  the 
enginc cooling a i r  with entrance a t  the rear of t he  cowling 
where the propel ler  e f f ec t s  were negl igible ,  as determined by a 
pressure,-head survey. 

(See 

The cooling-air  pressure drop acrose the engine ba f f l e s  
Apt w a s  measured a t  e ight  l o c a t i m s  by means of pressure tubes 
and alcohol manometers. Three 01 the  static-head tubes in s t a l l ed  
a t  the r ea r  of the  baff les  wore a l s o  u t j l i zed  t o  indicatcl thc 
to ta l -pressure  drop AFt Gffcctcd by cJcc tor  ac t ion .  Pressure 
determinations were also made ahehd of the engine ( th ree  locations),  
a t  the r e a r  of the  cowl.ing where the cooling a i r  entered ( th ree  
Locations), and a t  the end of one of' the e j e c t o r  s tacks.  
loca t ions  a t  which presaure measurements were made a r e  shown 
echomatically in  f igure  2(a).  

The 
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Ejector stacks of 6-  and 4-inch diameters and of lengths  
varying from 4 t o  36 inches were tested f o r  a range of engine 
power from 80 t o  475 horsepower. 
propeller and housed cowl, t he  cooling-air  pressure drop r e su l t i ng  
from e jec tor  ac t ion  was i n su f f i c i en t  t o  permit eteady-state engine 
operation without excessive cylinder temperatures. 
procedure adopted.to obviate t h i s  d i f f i c u l t y  consisted of vary- 
ing the engine parer s t ead i ly  from id l ing  t o  f u l l  load and holding 
it constant at  each of the  t es t  points  only long enough t o  take 
photograph22 records of' the  manometers and the tachometer and 
t o  take simultaneous readings of the  torque scale. Two series 
of runs were made f o r  each e j ec to r  combination. 
of tests were made with the  e j ec to r s  of 6-inch diameter to 
obtain the combined effect of e Jec to r  and propeller-slipstream 
act ion.  
pusher propel ler  was replaced with a t r a c t o r  propel ler .  
tes t  procedure was similar t o  t h a t  of the previous t e s t s  except 
that the engine power a t  each t e s t  point was maintained f o r  an 
appreciable time in t e rva l  without overheating the engine. 

Under the conditions of pusher 

The t e s t  

P a r a l l e l  series 

For these t e s t s  the  cowl housing was removed and the  
The 

Group E jegtor  Stacks 

l'he exhaust stacks of the nine cylinders were combined i n  
groups of three t o  ac tua te  three  e j e c t o r s  ( f i g ,  3 ) .  
inders  1, 4, and 7 const i tuted the fir& group; cyl inders  2, 
5, and 8, the second; and cylinders 3, 6, and 9, the  th i rd .  
This arrangement resul ted i n  equally spaced f i r i n g  in te rva la  
01 the  cylinders in  each group. The exhaust s tacks  connecting 
the  cylinders t o  the  e j ec to r s  were kept a8 f r e e  01 sharp bends 
as w a s  consistent with the  physical, l imi ta t ions  of t he  setup. 
The exit  sections,  which were of the same diameter as those> in,  
the  individual-ejector tests, were s e t  a t  the approximate cen- . 
t e r  of the  e j e c t o r  entrance coneg. 

Cyl- 

I n  view 01' the  cooling d i f r ' i cu l t i e s  encountered i n  the  
individual-ejector tests with the  pusher propel ler  and the  cowl 
housing, the  grouped-ejector t e s t s  were made with a t r a c t o r  
propel ler  and no cowl housing. I n  order t o  provide ini'ormation 
f o r  i so la t ing  the eYfects of the  propel le r  s l ipstream on the  
cool-ing-air pressure drop, a more extensive pressure survey was 
made. Pressure measurements were made a t  three loca t ions  i n  
:rant of t h e  engine and a t  eight loca t ions  across the  baf f les ;  
a l l  the tubes a t  the r e a r  of the  bai'fles were a l s o  used t o  ind i -  
cate the pressure a t  the rear of the  engine with respect  t o  the 
atmesphere. Total-pressure Po and s t a t i c - w e s s u r e  Pa 

c 
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1 
measurements trere mde at  the downstream end of each e j e c t o r  
entrance sect ion and s ta t ic-pressure Pe measurements were 
made or' the  air a t  the ex i t  section of each e j ec to r .  

1 
and as-inch diameters were t e s t ed  f o r  Ejectors  o f  6-, 77-, 

1 

5 

lengths from 4 t o  36 inches over a range of engine power from 
100 t o  450 horsepower. Ejectors  of 9 i - inch d i a e t e r  were tes ted  
f o r  lengths from 4 t o  120 inches. The cha rac t e r i s t i c s  of the  
e j e c t o r s  of 9L-inch diameter were a lso  determined f o r  conditions 
of r e s t r i c t e d  e x i t  sections' in  order t o  obtain data  f o r  correct ing 
the t e s t  r e s u l t s  t o  atmospheric pressure a t  e x i t .  (See appendix 

consisted of conical sections of 8L-inch and 7L-inch diameters 
a t  t h e i r  e x i t  ends. 
of' %-inch diameter when f i t t e d  .with d i f fuse r s  of 1.3--inch e x i t  
diameter and 30-inch length. 

2 

2 

. f o r  method of correcting r e s u l t s . )  The two  r e s t r i c t i o n s  tes ted  

2 2 
An addi t ional  t e s t  was made of the  e j e c t o r s  

1 1 
2 2 d 

f The engine cooling was adequate i n  these tests and therefore  
permitted the a t t a in ing  of equilibrium conditions for each t e s t  
point before data were recorded.' Manometer readings were taken 
photographically and readings of engine sPeed, torque, and 
temperature were taken v isua l ly .  

RESULTS AND DISCUSSION 

Individual EJe c t  ora  

The total-pressure drop of the cooling a i r  from the f ron t  
t o  the r e a r  of the engine baf f les  
cowl tests i s  a t t r ibu ted  en t i re ly  t o  the  e j ec to r s  and may be 
taken as a measure of t h e i r  performance. 
drop s l i g h t l y  exceeds the coolinei,-air pressure drop across  the 
engine b a f f l e s  APb because of the lvsses  involved i n  the  
annular entrance passage provided between the cowl and the 
e x t e r i c r  housing. 

APt obtained i n  the housed- 

This to ta l -pressure  

The variatioll  of total-presuure drop  APt with engine 
hxxepower i'or .:arbus lengths oi the e j ec to r s  af 4-inch diameter 
i o  ahown in :igure 4 (a ) .  
increaee i n  horsopcwer results Prom the g rea t e r  energy contalned 
i n  the exhaust gas a t  the higher powers; whereas, the increase 
of pressure drop with increased e j ec to r  length is explained by the 

The increase of pressure drop  with 

Y 
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mlxing-length requirement f o r  t r ans fe r  of the energy of the 
exhaust gas t o  the cooling sir. 
drops are insuf f ic ien t  f o r  s a t i s f ac to ry  cooling. 
a r e  obtained f o r  the e j ec to r s  of 6-Inch diameter ( f i g .  4(b)). 

It is noted tha t  the pressure 
Similar r e s u l t s  

Comparieon of the resul ts  of the  e j ec to r s  of 4-  and 6-inch 
diameters is given i n  figure 5, which i f3  a cross p l a t  of f i g -  
ures 4(&)  and 4(b) with total-pressure drop p lo t ted  against  
lerigth-diameter r a t i o  at constant engine power of 450 brake horse- 
power. Al so  included i n  figure 5 are the r e s u l t s  of the t e s t s  
made of the  combined e j ec to r  and propeiler-slipstream pumping 
act ion.  Greater cooling-air  prossure drops a r e  rea l ized  with 
the l a r g e r - d i ~ m e t e r - e ~ ~ ~ , ~ . ~ r  syn tcm and with increaeing length. 
The pressure drop teilds t o  levsl  off a t  insreasing length- 
diameter rat i o  owing t o  the di.:nfnieli:ng iniprovement i n  energy 
t ransfer  w i t 3  increacinz mixiEg l€iIc-th and t o  increasing f r i c t i o n  
lossos. Evidently, the ontlrn~m length f o r  these e j e c t o r s  had 
not quite been reached i n  tho toe t s .  

The cooling-air  flow is incrsamd by incorporating the 
propsller-slipntrtam e f f e c t s  with the  e j ec to r  act ion,  a presaure 
drop of 3 .7  inches of water r e su l t i ng  a t  a length-diameter r a t i o  
of 6 as compared with 2.6 inchas of water f o r  e j ec to r  ac t ion  
alone. Beceuse the separats e f f e c t s  do not add  a lgcbrn isa l ly  
when comhincd, the propel1c.r sl i  pstroam alcne wouid provido more 
pressure drop than is  In,icatod by the diffcirence of 1.1 between 
3 . 7  and 2.6 inches of F ; G t ' x .  For ex-zm;?le, a t  zero e j ec to r  length 
there  i e  no presaure drop due t o  ejt jstor act ion;  hence, the pres- 
sure drop of 2 inches of water indicated for the  combined e j ec to r  
and propeller e f f e c t s  is evidently e c t i r e l y  a t t r i b u t a b l e  t o  
propeller -sl ipstream e f f e c t  8. 

The pressure drop of the  combined e j ec to r  and propel ler  ac t ion  
levels  o f f  a t  shorter  e j ec to r  lengths than the pressure drop of 
the  e jec tor  alone, owing t o  the g rea t e r  f r i c t i o n  associated with 
the  larger  a i r  flows. 

It is noted tha t  the cooling-air  flow due t o  propel ler  ac t ion  
is the  resultant, c ~ f  two e f f ec t s :  (1) an iIjcreast: i n  Eta t ic  pres- 
sure d i r ec t ly  behind the propeller and acti.:ig at tl?e f r c n t  of the 
engine, arid ( 2 )  a decrease In s t a t i c  pressure a t  t he  rwr of the 
cowl &md ac t ing  a t  the s j e c t o r  e x i t s .  The secor-a effect i s  grea te r  
i n  thesa t e s t s  than WOUX preva i l  i n  ~ome convsnt1ona.i propzi ler-  
nacelle combintitions owing t o  thg absence of an a f l x r b d y  cm the 
t e s t  i n s t a l l a t ion .  
however, permits t h e  obtaining of sta'tki: pressures a t  the  cowl 
e x i t  of even lower values than c x i s t d  !.n the Lest setup. 

Use of cowl f l a p s  on ccnventicnal i lacelles,  
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Grouped E.!ectcro 

The cool ing-air  oressure drop AI?% obtained i n  the  grouped- 
e j ec to r  tests i s  the resu l tan t  of both e j ec to r  and pro-pellcr-  
slipstream ef fec t s .  
ac t ion  alone APbt may be calculated from APb and a knowledge 
of the pressures a t  various points throughout the  system, The 
method of calculat ing APbt i s  shown in  the appendix. 

The pressure drop a t t r i bu ted  t o  e j e c t o r  

The variati.cn of pressure drop' due t o  6Jector  ac t ion  APbt 
with engine horsepower f o r  kar ious lengths of e j ec to r s  of 6-, 
1 1  1 
2 -* 7- 85- ,  and 92-inch diameters is shown i n  f igu res  6(a) t o  

t;(d), resyectively.  
of the  individual. c j ec tor  tcsts, showing an increase i n  pressure 
drop with increase i n  engine p x c r  and o.lector length.  

The curves are,  i n  general, similar t o  those 

Figure 7(a)  is  a C ~ O E S  plo t  of f i gu res  6(a)  t o  6(d)  i n  which 
cooling-air  pressare drop due t o  e j e c t o r  ac t ion  APgl i s  p lo t ted  
agalnst  Ltngth-diameter r a t i o  a t  constant engine power of 450 
brake borse2ower. n o  t o t a l  pressure drops, APb (e jec tor  plus  
~ r o p e 1 l e r - s ~ i p s t r e a m  oi 'fccts) ,  arc plot ted i n  a similar manner i n  
f i g m e  7(b). 

Figure 7(a) ind ica tes  that the values of hPb' incrccse 
with increase of e j e c t o r  diameter a t  the  higher values of length- 
diameter r a t i o  but decrease with increase of e jec tor  diameter a t  
the  lower values. The last-mentioned o-i'fect is  scmewhat unex- 
pected but may possibly be due t o  b e t t e r  mixing ef fec t ivsncss  
with smaller-diameter e j ec to r s  f 'or t he  shor te r  lengths.  

1 The performance of the e2octor of gz-inch diameter, which 
r, 

was investigated over a lu rgormngc  of' lengths than the o j cc to r s  
of smaller diameters, is seen t o  have del ' in i te ly  leveled off  
a t  a length-diameter value of about 6, providtng a maximum pres- 
sur4 drop of about 3.3  inches of water. Comparison of the 

85- and 95-inch-diame ter curves indicates  t h a t  f u r t h e r  increase 
i n  diameter would be unlikely t o  increase the  e j e c t o r  pumping 
appreciably . 
1 1 

With reference t o  tho curves of combined e j e c t o r  and 
propel ler-s l ipstream act ion ( f i g ,  7(b)), it is  seen t h a t  the 
pressure drops f'or the la rger  e jec tors  remaJn highcr than those 
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f o r  the emaller-diameter e j ec to r s  down t o  lower values of 
lcngth-diameter r a t i o  than f o r  the e j ec to r s  alone. 
may be explained by the increase i n  propel ler  pumping with 
increased e x i t  a rea ,  
drop with the combined e j ec to r  and propeller-slipatream act ion,  
a B  compared with the e j ec to r s  alone, may be a t t r i b u t e d  t o  the  
same ef fec t .  

This f a c t  

The grea te r  e f f ec t  of diameter on pressure 

The performance of‘ the e j ec to r  of gi-rnch diameter i s  seen 
not  only t o  have leveled off but t o  have started decreasing with 
increased length i n  the range tes tod,  i l l u s t r a t i n g  the e f f e c t  of 
g rea t e r  f r i c t i o n  a t  higher a i r  flows. A maximum pressure drop 
of about 5.4 inches of water i s  real ized,  which i s  an increaae 
of 2 .1  inches of water over the performance of the e j ec to r  alone. 

The u ~ e  of a d i f fuse r  e x i t  sect ion r e s u l t s  i n  a marked 
improvement i n  e,jector performance. 
that a cooling-air pressure drop of 4.65 inches of water i s  
obtained a t  450 brake horsepower f o r  the  e j ec to r  of +-inch 
diameter by 36-inch length when f i t t e d  with d i f f u s e r  e x i t s  of 

lS,;?’-inch diameter by 30-inch length. 

sure drop f o r  thcse d i f fuse r  e j ec to r s  was 6.75 inches of water. 

The p e r f o m n c c  02 the c j ec tors  of 95-inch diameter (without 

d i f f u s e r s )  of the same over-al l  length is found t o  be 3.1 and 
5.2 inchc-s of water f o r  the e j ec to r s  alono and e j e c t o r s  plus  
slipstream, respect ively ( f i g .  7 ) .  The increased performance 
of the  d i f fuser  e j ec to r s  i s  a t t r i bu tab le  t o  t he  pressure- 
recovery cha rac t e r i s t i c s  of the d i f fuse r .  Obviously, the  d i f -  
fuser is a very important adjunct of the  e j ec to r .  

Frop f igure  G(d) it i s  seen 

1 
2 

1 

The corresponding o,jector plus propel lcr-s l ipstream prcs-  

1 

From a comparison of f igu res  5 and 7 it i s  seen t h a t  the  
individual e jec tors  provide s l i g h t l y  higher cooling-air  pres-  
sure drops than the grouped e j ec to r s  f o r  the 6-inch-diameter 
s tacks  ( the only s i ze  common t o  both aystems). It is  noted, 
however, t h a t  the t o t a l  c j ec to r  area of the individual  system 
is throe times t h a t  of the  grouped system. For a case of almost 
equal t o t a l  F . , ~ c c ~ , ~ I P  a rea  ( spec i f i ca l ly ,  the 91 - in .  -diam. 
grouped e j cc to r s  and the  6-in. -diam. individual e j e c t o r s ) ,  it 
is  apparent t h a t  the grouped system results i n  highcr maximum 
pressure drops than the individual system. Since  mall cowling 

2 
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I 
.' e x i t  area is required f o r  the airplane i n  the high-speed con- 

d i t ion ,  grouped-ejector systems w i l l  probably be preferable  t o  
individual e jec tors .  

Sa t i s fac tory  cooling f o r  the engine used i n  these t e s t s  
w a s  obtained with about 2 inches of water pressure drop a t  
450-brake-horsepower output. 
pressure drops obtained i n  these t e s t s ,  it i s  apparent t h a t  
exhaust-gas-actuated e j ec to r s  of fe r  a method of providing 
sa t i s f ac to ry  cooling f o r  the  ground condition and should be of 
par t i cu la r  advantage f o r  submerged and pusher-propeller 
i n s t a l l a t ions .  

I n  view of the magnitude of the 

Admittedly, these t e s t s  were of a preliminary nature and 
a more complete invest igat ion of e jec tore  i s  des i rab le .  
Additional t e s t s  might well  include an extensive survey of 
e j ec to r  s i z e  and shape and diffusing e x i t s  with engines of 
current horsepower r a t ings  a t  various flight speeds and 
a l t i t u d e s .  

CONCLUSIONS 

From t e s t s  of a nine-cylinder radial air-cooled engine 
of 475 ra ted  horsepower provided with e j ec to r s  actuated by 
exhaust gas, it has been concludcd tha t :  

1. Ejec tors  furnishod a means of supplying the  required 
engine cooling a i r  at  the ground condition. 

j * *  

, 

2. ThC cooling-air  pressure drop induced by e j ec to r  
ac t ion  increased with engine power. 

3.  The cooling-air  pressure drop provided by the e j ec to r s  
increased with increase of e jec tor  diameter and length up t o  
optimum values. 

4. For equal t o t a l  e j e c t o r  cross-sectional a r e a  a grouped 
system of th ree  ejectors , '  eachactuated by the exhaust of three 
engine cylinders, providod hi&er cooling-air  pressure drop 
than individual e j ec to r s  f o r  each cylinder.  

5 .  Diffuser e x i t  section6 considerably improved the 
performance of the e jec tors .  

9 
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6.  A t o t a l  cooling-air  pressure drop of 6.75 inches of water 
was obtained a t  an engine power of 450 brake horsepower f o r  
o jectvrs  f i t t e d  with d i f f u s e r  e x i t  sections;  of t h i s  amount 
4.65 inches of water is at , tr ibuted t o  e j ec to r  act ion.  

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field,  Va . 
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CORRECTION FOR PROPEL~-SLIPSW;EAM EFFECTS 

The cooling-air  pressure drops bPb obtained i n  the 
Grouped-ejector t e s t s  were the resu l t  of both e j e c t o r  and 
propeller-slipstream action. The measured APb may be 
corrected by a semlempirical method f o r  the propel ler-  
s l ipstream e f f e c t s  t o  obtain the presaure drop due t o  e jec-  
t o r  ac t ion  APbt. . 

S t a t i c  -Pre soure Increase i n  Front of Ehgine 

Consider first the increase i n  s t a t i c  preeaure ahead of 
the  engine due t o  the  propel ler  alipstream. (See f ig .  3.) 
The quant i ty  of cooling-air  flow Q is proportional t o  the  
square root  of t he  pressure drop acrosa the  engine b a f f l e s  

.. 

where 

Pa 

PI- 

s t a t i c  pressure ahead of engine 

s t a t i c  pressure a t  rear of engine 

and is  proportional t o  the  square root  of the  etat ic-presoure 
drop from the  rear of the engine t o  the  f r o n t  end of the  e j e c t o r  
tube Ps 

From equations (1) and ( 2 )  

which may be written 

Pa - Pr = K4(P, - Pa)  

6 .  

o r  

APb = g*(pa - Ps> 



12 

If  the subscript  i i s  used t o  denote measured, o r  indicated,  
values and the  subscript  c t o  denote values corrected t o  Pa 
reduced t o  atmospheric pressure, it follows that 

For the  small range of var ia t ion  of 

i n  the  t e B t s ,  P 

t o  Psi because the  e f f e c t  of the change i n  Pa 
quantity of cooling-air  flow Q; and Ps w a s  observed t o  be 
subs tan t ia l ly  independent of Q f o r  constant e.jector conditions, 
as determined by the tests on the e,jectors with r e s t r i c t e d  ex i t  
sections. Equation (5) thus becomes 

Pa experienced i n  the  

may, as a good approximation, be taken equal 
S C  

i s  t o  change the 

- P  Pac si "b 

'*bi 'ai - '81 

Equation ( 6 )  permits a reduction c f  t he  measured pressure drops t o  
the pressure drops t h a t  would ex i s t  were there  no increase i n  s t a t - f c  
preouure over atmo8pheric i n  f r o n t  of the engine. I n  the appl ica-  
t i o n  of' th is  correction t o  the  test  data, the  value of' P used 

a i  
w a s  the difference between the  observed values of APb and P,. 
This diff'erence w a s  considered t o  bo more accurate than the  observed 
value of Pa (Bee f ie.  3)  because APb and P, were obtained 
from averaging pressure readings a t  eight locat ions;  whereas 
was obtained Irom averaging pressures a t  three locat ions.  
noted tha t  good agreement exis ted between the two values.  

- -  - ( 6 )  

Pa 
It is 

. .  
Static-Pressure Decrease a t  EJector Exit  

The correction f o r  reduction i n  s t a t i c  pressure i n  the region 
oi-' t he  e j e c t o r  e x i t s  P, caused ky the  propel ler  sLipstreamwas 
obtained from a graphical ana lys i s  of the data. 

I 

The c m l i n g - a i r  pressure drops APbc were p lo t ted  aga ins t  
t he  s t a t i c  prensure a t  the  entrance end oi" the  e j e c t o r s  
were found t o  yield s t r a igh t - l i ne  re la t ionships  t o r  e j e c t o r s  Of 
each diameter (see  f t g .  8), which ind ica tes  the  i'ollowing expressions: 

Ps and 

. 

.- 

1. 
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. .  

L 

where m is the elope of the l ines  and depends on e j ec to r  
diameter and subscript6 1 and 2 r e f e r  t o  spec i f i c  points  
on the curve. It is  noted tha t  P, i n  f igure  8 i s  gi-ven i n  
inches of .water  vacuum and i s  thus consis tent  with the negative 
slope indicated i n  equation ( 7 ) .  . 

The t e s t s  of the e j ec to r s  with conically r e s t r i c t e d  e x i t  
sect ions gave the .va r i a t ion  of pressure r i s e  i n  the  e j ec to r  
(Pe - Ps) 
of water below atmospheric t o  an inch above. 
f o r  the r e s t r i c t ed -ex i t  t ea t e ,  Pe is the s t a t i c  pressure 

ex i s t ing  a t  the ex i t  end of the e jec tor  just upstream of the  
r e s t r i c t i m .  The var ia t ion  of pressure r i s e  i n  the  e j ec to r  
s tack (Pe - PSI with engine power was found t o  f . i t  a s ingle  
curve f o r  each e j ec to r  length f o r  t h i s  range of e x i t  pressures.  
Figure 9 illustrates one of these curves. Hence 

f o r  var ia t ion  of e x i t  pressure8 from severa l  inchee 
It i s  noted that, 

(Pe - Ps) 
can be coneidered independent of 
giving 

- I ?  
51 

From equations (7) and (8) there 

Pe for a specified e jcc tor ,  

is obtained 
'\ 

or ,  designating AP * as the cooling-air pressure drop cor- b 
responding t o  an  e j e c t o r  e x i t  pressure 

pheric)  and APb as the previously noted coolin$-air pree- 

a u r e  drop corresponding t o  the maaured e j ec to r - ex i t  pressure 
P (less than atmospheric) 

(equal t o  atmos- 

C 

ei 

Combining equations ( 6 )  and (10) 
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Equation (11) provides the  correction of the  measured preesure drQpe 
f o r  propeller-slipstream e f fec t s .  
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Figure 4. - The e f f e c t  of e j ec to r  l e m h  and diameter and e w i n s  parer 

on cooling-air pressure drop for the individual-ejector system. 
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Figure 4. - Concluded. The e f fec t  of e j ec to r  length and diameter and 

engine power on cooling3air pressure drop for the  inclividual-ejector 
system 
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Figure 5. - The effect  of length-diameter r a t i o  on cooling-air 
pressure drop for  individual-ejector syetem at  450 brake horsepower. 
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(b) Ejec tors  of 7L-inch diameter. 

Figure 6. - The e f f ec t  of e j e c t o r  length and diameter and engine 
2 

cool i rg-a i r  pressure drop for the grouped-ejector system. 
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Figure 9. - The varlation of pressure rise  In ejector (Pe-Pa) wi th  1 
2 engine parer for the grouped ejectore of %inch diameter. 
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Figure 6. - Concluded. The effect of ejector length and diameter and 
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engine power on cooling-air preseure drop for the grouped-ejector 
s; stem. 
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S t a t i c  pressure a t  ejector entrance, PB, i n  water vacuum 

F l ~ w  8.  - The variation of pressure drop hPb with  e t a t i c  pressure a t  
ejector entrance P, for tile grouped e,jectors.c 


